The friction imaging of newlycleaved surface domains of single crystal BaTiO 3 energy storage materials under both positive and negative voltage bias is investigated by scanning force microscope. When the bias was applied and reversed, three regions with different brightness and contrast in friction image indicated different response to the biases: the friction image of domain A displayed a great change in brightness while domains B and C displayed only a very small change. Possible mechanisms of the interesting phenomena originating from different static force between different charged tip and the periodical array of surface charges inside the inplane domains were proposed. These results provide a new method for the determination of the polarization direction for the domain parallel to the surface and may be useful in the investigation of ferroelectric energy storage materials, especially the relationship between the polarization direction of domain and the bias.
Introduction
Ferroelectric barium titanate ceramic (BaTiO 3 ) is a promising advanced material with the outstanding performance in dielectric properties for energy storage applications. With the high permittivity and volumetric efficiency [1, 2] , BaTiO 3 was extensively used in electrical energy storage especially in supercapacitor and multilayer ceramic capacitors (MLCCs).
It is worth mentioning that the performance of the BaTiO 3 -based MLCCs was significantly affected by microstructures such as domain orientation, domain walls, and point defects [3, 4] . The ferroelectric domain structure can be imaged by variety of techniques such as electron microscopy techniques, optical microscopy and X-ray techniques, and scanning probe microscopy including piezoresponse force microscopy (PFM) and atomic force microscope (AFM) [5, 6] . Actually, friction mode of atomic force microscopy plays an important role in characterizing the surface of specimen by applying a friction force between tip and specimen [7] [8] [9] [10] [11] .
Many previous works have reported the applications of friction imaging on characterizing the ferroelectric domain structure, which provided a clear picture for domain structures due to variant friction coefficients of different domains [12] [13] [14] . Recently, owing to the great importance of friction in industry, more and more research works were carried out to investigate the origin of friction in the micro-or even nanometer scale [15, 16] and even to explore efficient ways to control the friction force. Bluhm et al. [17] studied the friction imaging of domains with polarization perpendicular to the surface of specimen of guanidinium aluminum sulfate hexahydrate (GASH) and triglycine sulfate (TGA) and proposed that the chemical difference inside domains was the origin for the different friction coefficient, which could not be affected by the static electric force between tip and specimen. Park et al. [9] reported the possibility of making use of electric field to control the friction force between tip and semiconductor, although its exact mechanism is not clear until now. Although extensive attempts have been made in last decade, there is still no convincing explanation on 
Materials and Methods
The multidomain single crystal BaTiO 3 was prepared by the Institute of Physics, Chinese Academy of Sciences. First, the specimen was broken into two parts, one of which was about 1 millimeter thick. The newly formed cross section with the dimensions of 4 mm × 1 mm was regarded as the newly cleaved surface. The newly cleaved surface was preferred because it was almost not affected by the pollutants and the free charges in air. The relative humidity was controlled to be <40%, and the experiments were carried out in about one hour.
Friction imaging was obtained through a commercial scanning force microscope SPA-300HV (Seiko, Japan). The scanning direction was perpendicular to the long beam of the cantilever Sil-AF01A. The cantilever with a resonant frequency of 12 kHz, a spring constant k of 0.15 N/m, and a beam length of 400 m was used. The tip of the cantilever was coated by a gold film. During the experiment, the specimen stage was grounded and a voltage bias (+12 V or −12 V) was applied onto the cantilever tip via a direct current voltage source.
The friction imaging was obtained on a same region of the newly cleaved surface under three different experimental conditions: without voltage bias, +12 voltage, and −12 voltage. The imaging region is about 20 m × 20 m where there coexist many domains that could be imaged. Figure 1 is the morphologic image and the friction images under different voltage biases. Three regions, respectively, marked A, B, and C in Figure 1 , were discussed. From the morphologic image of Figure 1(a) , it could be seen that the roughness of the cleaved surface was small. But the normal friction image without voltage bias (Figure 1(b) ) has much contrast between three regions. In the normal friction image of Figure 1 (b) without bias, Regions A and B showed almost the same brightness while Region C was darker than A and B. In addition, a significant fraction of domain boundaries was observed clearly. When +12 V bias was applied, it was a surprise that the friction image in Figure 1 However, the bright Region B still remained bright and the dark Region C remained dark in Figure 1(c) . When −12 V bias was applied, there was almost no change in the brightness of Regions B and C, whereas Region A changed back to bright (Figure 1(d) ). That was to say, the friction images in Figures  1(b) and 1(d) were almost the same.
Results and Discussions
For single crystal materials, the regions with different brightness in friction image were sometimes considered as ferroelectric domains with different polarization directions [18, 19] . Moreover, the cross section of single crystal multidomain BaTiO 3 had many domains with different polarization directions including both perpendicular and parallel to the surface as reported by Soergel [20] . Therefore, it was suggested that the three regions in Figure 1 were associated with different oriented domains, which is similar to the results of PFM in [21] . In our experiment results, when the bias changed from 0 V to +12 V, domain A darkened while domain B remained bright. But while the bias changes into −12 voltage, domain A changed back into bright and domains B and C are kept the same. Three domains exhibiting different lateral force contrast were observed. The voltage bias had no effect on the friction force in domains B and C but had significant effect in domain A. When the tip was applied to positive voltage, the friction force between positive charged tip and domain A was reduced dramatically compared with that for the negative or zero voltage bias. The dramatic change of friction force could be ascribed to the change of static electric interaction induced by the different charged tip.
Correia et al. [14] suggested that the static electric interaction could not change the friction force. Although they observed electric domains of GASH and TGS via scanning force microscope in the friction mode, what they concerned were the domains with the polarization direction perpendicular to the surface. However, in our experiments, we imaged the newly broken cross section of single multidomain BaTiO 3 where there were all kinds of electric domains with different polarization directions scattered on the surface. The polarizations included not only the one perpendicular to the surface but also the parallel to the surface. It was the domains with polarization direction parallel to the surface that changed their brightness in the friction imaging under different voltage bias. According to the particular crystal structure of BaTiO 3 , it was inferred that the charge distribution on the surface of domains with polarization direction parallel to the surface was inhomogeneous, resulting in the friction force change under different voltage bias.
It was well known that BaTiO 3 was tetragonal at room temperature, where Ti 4+ was at the off-center position of the tetrahedral symmetry [1] . Thus the Ti 4+ and the negative charge center were denoted as O 2− forming a permanent electrical dipole. Figure 2 schematically showed the alignment of the permanent electrical dipoles in the domain with the polarization direction parallel to the surface. As seen in Figure 2 , the separation between Ti 4+ and the negative charge center was 1.633Å, much less than the separation 2.403Å between electric dipoles, which leads to an inhomogeneous charge distribution of surface. In friction imaging with scanning force microscope, while the tip was voltage biased, Journal of Nanomaterials the tip was charged and the interaction between the charged tip and the inhomogeneous charge distribution resulted in an inhomogeneous energetic barrier distribution . Different charged tip corresponds to different inhomogeneous energetic barrier distribution on the domain parallel to the surface, which is sketched as in Figure 3 . For the case shown in Figure 3 , it was assumed that the tip was scanned from left to right in the friction imaging. When the tip was positive voltage biased, the Coulomb interaction between the positive charged tip and the inhomogeneous charge distribution leaded to a zigzag energetic barrier distribution as in Figure 3(a) . In this case, a small friction force was obtained. However, for the negative voltage bias, the situation was inversed. The zigzag energetic barrier was shown in Figure 3(b) . A much large friction force was obtained. Additionally, when a certain angle existed between the scan direction and the polarization direction and a bias was applied to the tip, the friction force would change a little. In this case, the qualitative result was the same. At the same time the size of the tip had no effect on it.
Based on the above discussions and our experimental results, the brightness of the image for the domain A charged a lot: the friction force was much larger for the positive charged tip than that for the negative charged tip. It was thought that region A corresponded to the domain with polarization direction parallel to the surface and is almost the same as the scanning direction of the tip. As to the regions B and C, the contrasts of them were not affected by the biases, and their boundaries well agreed with the morphologic image. So due to the titling of the domains, the polarization directions of domains B and C could not be judged only based on the friction force imaging and morphologic image and further investigations were necessary.
Conclusions
The newly cleaved surface of a single crystal multidomain BaTiO 3 was investigated through the friction imaging with atomic force microscope. It was found that the brightness of some regions changed when the tip was differently voltage biased. It was proposed that the inhomogeneous charge distribution in the domain with polarization direction parallel to surface resulted in this change. The experimental results may provide a new method for the determination of the polarization direction for the domain parallel to the surface, which may be useful in the investigation of ferroelectric energy storage materials.
